Abstract. The present status of a new epitaxial growth method, named molecular beam allotaxy (MBA), is reviewed. The method allows one to grow single-crystalline heterostructures in a new way; that is, the desired layer forms during annealing of a precipitate layer. The precipitates are embedded within a single-crystalline matrix, grown by molecular beam epitaxy. The key point is that the epitaxial growth of the matrix persists from the substrate through the spacings between the inclusions to the overlayer. The precipitates coarsen and coalesce into a uniform layer during a subsequent high-temperature treatment, the second processing step.
Introduction
Progress in materials science frequently stimulates technical innovations.
New materials and new techniques for the fabrication of modern structures provoke such developments [1] . Epitaxial heterostructures are needed for numerous applications, in particular for information technology. However, in many cases substrates with compatible chemical and physical properties are lacking. If the crystal structures of the film and the substrate hinder good lattice matching, epitaxial layers can hardly be grown with conventional deposition techniques. The reason is that epitaxy is ensured by controlled layer-bylayer growth on a heated substrate. This so-called van der Merwe growth is the standard growth mode of molecular beam epitaxy (MBE), the various chemical vapour phase deposition methods, high-temperature sputter deposition and, to a certain extent, also pulsed laser deposition [2, 3] . A different growth mode is observed for solid state reaction epitaxy. An epitaxial template layer is made by deposition of a very thin polycrystalline layer of one component onto a single crystal, mostly at room temperature (RT), and subsequent annealing. An example is the deposition of a metal film a few monolayers thick onto silicon to obtain a thin layer of an epitaxial silicide via thermally induced compound formation [4] .
Techniques which use other ways to realize epitaxial heterostructures are ion beam synthesis (IBS) [5] [6] [7] and wafer bonding (WB) [8, 9] . In the case of IBS, highdose implantation of ions into a heated single-crystalline substrate is required. The layer is formed by a subsequent high-temperature treatment. Buried silicon dioxide (SiO 2 ) layers in single-crystalline silicon are made this way. The process is known as 'separation by implantation of oxygen' (SIMOX) [5] . SIMOX wafers are commercially available and are used for microelectronic and optoelectronic devices. IBS has also been employed successfully for the fabrication of epitaxial silicides [6, 7] . Crystal structures, electrical resistivities of selected metallic silicides and approximate band gap energies of semiconducting silicides (shaded). The lattice mismatches given for some compounds are best fits for the a axis for the silicide lattice structures relative to the most appropriate silicon substrate orientation (after [18] [19] [20] [21] ).
Wafer bonding is an alternative technique which fuses together two different materials by heat [8] . The two wafers are bonded face to face and the top wafer is etched back to the thickness required. This works for epitaxial and non-epitaxial layers which have been deposited separately. The technique is not restricted to materials with similar crystallographic structures. Heterostructures consisting of structurally very different materials can be fabricated. Bonding of thermally oxidized silicon works excellently. Single-crystalline silicon layers on silicon dioxide, so-called silicon on insulator (SOI) structures, are commercially available. Also silicide layers have been bonded to obtain buried metal layers [9] . Problems may arise due to inhomogeneous bonding and non-planar etching back of the wafer. However, the technology seems to be developing rapidly.
In this review, we document the present status of a novel technique, which we named molecular beam allotaxy [10] . It is a two-step process using molecular beam epitaxy to grow a single-crystalline matrix with embedded precipitates and then high-temperature annealing to form the layer structure. We will place particular emphasis on the growth of single-crystalline CoSi 2 on Si(100), because this system has excellent material properties and thus a great potential for new microelectronic and optoelectronic applications [11, 12] . The growth of CoSi 2 on Si(100) by MBE is difficult, because of the strong tendency for growth of misoriented grains. However, with a special template technique, followed by stoichiometric MBE co-deposition, epitaxial layers have been made [13] [14] [15] . Alternatively, ultra-thin surface layers can be made also by oxidemediated epitaxy [16] . Overgrowth of CoSi 2 with silicon by MBE, however, has not yet been demonstrated successfully. Buried silicide layers have been made with ion beam synthesis [6, 7] and wafer bonding [9] , but not with any deposition technique, except with MBA [10, 17] . We will show that MBA is also a useful process for the growth of single-crystalline surface layers on Si(100). Furthermore, we will report on recent work on the ternary compound Co 1−y Pd y Si 2 , on the semiconducting silicides β-FeSi 2 and Ru 2 Si 3 and on an attempt to produce buried SiO x layers in epitaxial Si(100). We will also show briefly the usefulness of epitaxial silicides as substrates and for new microelectronic and optoelectronic devices.
In order to provide an overview of silicides which can be grown epitaxially on silicon to a certain extent, figure 1 is presented. The crystal structures and, for selected compounds, also the lattice mismatch relative to silicon are listed. Furthermore, the specific electrical resistivities of the metallic silicides and the band gap energies of the semiconducting compounds are given. The compilation is based on [18] [19] [20] [21] . Silicides are the materials of choice for contacts and short interconnects in today's microelectronics [4, 18, 22] . Epitaxial silicides have sharp interfaces, high-temperature stability and superior electrical properties. These are the properties required for future device developments [11, 16] .
It is interesting to note that growth of precipitates embedded in single-crystalline matrixes-as is used as a first growth step in MBA-has attracted considerable attention, because these nanoparticles have peculiar properties. If their dimensions are in the range of nanometres, quantum size effects may be observed. As an example, silicon and germanium nanoparticles emit light in the visible due to quantum size effects [23] . A first silicon/iron-silicon light-emitting diode operating at a wavelength of 1.5 µm has been realized with β-FeSi 2 precipitates in silicon [24] . An interesting physical phenomenon is self-ordering of precipitates, leading to layered structures as proposed by Reiss and Heinig (sections 3 and 4.4) [25] . Vertical ordering of island growth due to the elastic strain fields has attracted enormous interest recently [26, 27] , particularly because of its great potential for the realization of quantum dot lasers [28] .
The principle of molecular beam allotaxy
MBA is a two-step method, using epitaxial growth of a matrix containing a distribution of precipitates of a second phase and thermal annealing to form the layer [10]. In principle, any deposition technique capable of growing epitaxial layers should be usable. Here, we focus on the growth of Si/CoSi 2 /Si(100) heterostructures using molecular beam epitaxy. The principle of the process is illustrated in figure 2 for the growth of a buried CoSi 2 layer. Following the standard Si-MBE growth processes, first a silicon buffer layer is grown on the silicon wafer at substrate temperatures typically in the range 500-700
• C. Then cobalt is evaporated simultaneously with silicon. One of the characteristics of MBA is that the second component (Co) is co-deposited with a steadily increasing rate while the rate of deposition of silicon is kept constant. After a certain maximum deposition rate has been reached, the rate is kept constant, before the metal flux is ramped down slowly. The ratio of the maximum rate of deposition of Co relative to the rate of deposition of silicon determines the peak Co concentration of the trapezoidal concentration depth profile. The peak stoichiometry must be silicon-rich (≈24 at% Co). At the typical substrate temperatures used for the growth of the CoSi 2 -precipitate layer (400-500
• C) Co reacts immediately with silicon and forms silicide precipitates. The high, but still understoichiometric, metal concentration leads to a dense precipitate layer. Since the substrate temperature and the evaporation rates determine the nucleation and growth of the precipitates, these parameters have to be adjusted to produce precipitates that are small compared with the thickness of the desired silicide layer. Simultaneously, silicon in the spacings between the silicide particles must grow epitaxially. The spacings are essential for the seeding of the epitaxy through the precipitate layer to the silicon overlayer ( figure 2(a) ). This is the key to the successful use of MBA. The deposition of the silicon overlayer is done in the conventional way, for which a higher substrate temperature, around 650
• C, turned out to be advantageous. Surface layers can be grown by MBA as well. There, the growth process is stopped after the Co plateau has grown (figure 2). The ramp and the plateau determine the final thickness of the layer. Very thin layers can be made by linearly ramping up the metal deposition rate, reaching the stoichiometric composition of the compound at the end of the growth and subsequent annealing.
The second process step is high-temperature annealing to obtain thermal coarsening and coalescence of the silicide precipitates into a uniform planar epitaxial layer (figures 2(c) and (d)). Rapid thermal annealing (RTA) of CoSi 2 in the temperature range 1100-1200
• C produces layers with flat and atomically abrupt interfaces.
Theoretical considerations: the mechanism of layer formation
The formation of an epitaxial layer is realized by thermal annealing of the precipitate-containing film. The key question concerns the mechanism leading to layer growth from an inhomogeneous distribution of precipitates. Since Ostwald's pioneering paper of the year 1900 it is known that precipitates in a matrix grow during thermal annealing [29] . The growth occurs in a competitive way. The larger precipitates grow at the expense of the smaller ones. The driving force for this coarsening mechanism is the minimization of the total interfacial energy of the precipitates. Lifshitz, Slyosov and Wagner (LSW) developed the first rigorous theory and calculated the size distribution evolving during annealing [30, 31] . Ostwald ripening is controlled by diffusion.
Because of the curvature dependence of the solute solubility, c(r), there is a concentration gradient between large and small particles and diffusional growth of the larger inclusions occurs. This is expressed by the Gibbs-Thomson relation [32] c(r) = c e exp 2γ V a rk b T
where c e denotes the solute concentration at a planar interface, γ the specific interfacial energy, V a the atomic volume, k B the Boltzmann factor and r the particle radius. The growth rate of a precipitate is given according to the LSW theory by
S Mantl Arrhenius plots of diffusivities of selected transition metals and oxygen in silicon (data from [34, 35] ).
where D is the coefficient of solute diffusion in the matrix andr is a critical radius which has the significance that dr/dt > 0 for r >r and dr/dt < 0 for r <r. The change of sign of the growth rate occurs for two different mean particle size distributions,r = 3 nm andr = 15 nm in figure 3 . Particles with radii smaller thanr tend to dissolve; the others grow. The calculation was performed for precipitation of Co in Si [7] . According to the LSW theory, the normalized steadystate size distribution is time independent and universal; that is, it does not depend on the particle size distribution prior to ageing.
However, this holds only for a homogeneous distribution of particles in the crystal and, strictly speaking, only for small volume fractions (<1 at%).
The MBA conditions are clearly different. The distribution of the precipitates is confined to a certain depth within the crystal; it is inhomogeneous and its volume fraction is high.
A similar situation is encountered in ion beam synthesis [7, 12] . Trinkaus and Mantl named this phenomenon 'inhomogeneous Ostwald ripening' and described the growth of the precipitates in the inhomogeneous distribution in terms of two conservation laws [33] . The conservation of the precipitates in their size space is described by the following continuum equation:
where C N is the number density of precipitates containing N impurities (for example Co atoms) andc is the mean solute concentration in the matrix between the precipitates. Expression (4) results from the Gibbs-Thomson relation by neglecting finite-volume-fraction effects in a local mean field approximation. It describes the diffusional growth rate of the precipitate, corresponding to equation (2) . The second equation, the conservation of the impurities in the physical space, is given by the diffusion equation
The solution of the coupled differential equations (3) and (5) is non-trivial. In an analytical approximation Trinkaus and Mantl showed that the growth rate of a buried layer is proportional to the product of the solid solubility, c e , and the diffusion constant, D, of the solute in the matrix [33] . This is a plausible result because the product Dc e is a measure of the diffusional flux of solute atoms in the matrix. Experimentally, we could confirm that layer formation during annealing works well for materials whose Dc e product falls within a certain range, namely 10 8 -10 13 cm −1 s −1 [12] . Therefore, we show D and c e in Arrhenius plots in figures 4 and 5 for various transition metals in silicon and for oxygen in silicon, respectively. The data for D and c e of the various elements were taken from Weber [34] , except those for Ir which were found in [35] . Figure 6 shows the Dc e product versus the reciprocal temperature. The marked 10 8 and 10 13 cm −1 s −1 range shows the mentioned processing window. If the value of Dc e is smaller than the lower limit, the diffusional growth of the layer is too slow, whereas, beyond the upper limit, layer disintegration may occur. Disintegration becomes likely because thin layers are thermodynamically metastable. A balled-up layer has a smaller surface energy than does a corresponding uniform thin planar layer [7] . Figure 6 is useful for finding out approximate annealing conditions for various systems. If the Dc e value of the system lies at the lower bound of the process window, a long furnace anneal is necessary, whereas at the upper limit RTA is appropriate. The Dc e plot may also be used as a first criterion to check whether the diffusional properties of a new material combination allow layer formation using the MBA method.
A first complete simulation of the process providing the microstructural evolution of the layer formation was developed by Reiss and Heinig [36] .
Their kinetic 3D-lattice Monte Carlo simulation method is capable of simulating Ostwald ripening and coalescence of particles into a planar layer. The program was developed for ion beam synthesis, in which the layer formation during annealing occurs in a very similar manner. There, the precipitates form during high-dose implantation into a heated substrate. A simulation is shown in figure 7 [37] . The images of the left-hand column present snapshots of the evolution of precipitates during implantation. Precipitates nucleate in the matrix due to supersaturation. With increasing dose the number and size of the inclusions increase and coalescence occurs. The insets in figure 7 on the right-hand side of the individual snapshots show the corresponding Co concentration depth profiles. The situation illustrated in the lower left-hand image is comparable with that in an as-grown MBA sample (time step t = 500).
The right-hand column of images displays the effects of annealing. The simulation time steps t can be interpreted as a measure of the annealing time. Annealing causes coarsening and coalescence of the precipitates. The depth profile slowly approaches a rectangular profile. Interestingly, a few large precipitates well separated from the layer seem to withstand dissolution for quite a long time, giving rise to two small side peaks in the concentration-depth profile. Sufficiently long annealing dissolves even these larger precipitates and planarizes the interface, providing a configuration with a minimum of the interfacial energy.
The simulation by Reiss and Heinig provided also the first evidence for self-ordering of precipitates in inhomogeneous systems [25] . Two or even more separated precipitate layers may evolve from a broad constant depth profile of precipitates during annealing. The authors found that the resulting microstructure depended on the volume fraction. The phenomenon is illustrated in figure 8 , showing the evolution of oscillations in the volume fraction of precipitates during annealing in time steps figure 8 illustrates the growth and dissolution of originally equally sized precipitates during annealing. Precipitates in the inner core of the distribution grow homogeneously due to Ostwald ripening during the first annealing step. The boundary particles, however, tend to shrink because their neighbours are missing. Their dissolution gives rise to a gradient in the mean solubilityc which enhances the growth of their neighbouring particles. The preferential growth of these particles (figure 8(b)) causes dissolution of their neighbouring precipitates on their inner side, because of the evolving minimum inc (figure 8(c)). Denuded zones appear, as illustrated in figure 8(d) (right-hand side). Interestingly, this sequence may repeat. The large separated precipitates will dissolve during further ageing and the outer precipitates of the inner core will grow. As a consequence, the structure propagates. Experimental evidence for this self-ordering phenomenon is presented in section 4.4.
Three-dimensional growth of precipitates during co-deposition

Surface reconstruction due to Co coverage and CoSi 2 island growth on Si(100)
The initial stages of epitaxial growth of CoSi 2 on silicon have been described in several publications [4, [13] [14] [15] . Most experiments were performed on Si(111) because of the more favourable growth conditions [39, 40] . Even a Co coverage of 0.1 monolayer (ML) deposited on Si(100) at 500
• C under UHV MBE conditions suffices to induce a reconstruction of the surface. Scheuch et al [41] found by in situ scanning tunnelling microscopy that the [011] dimer rows of the substrate break up into bundles with lengths around 3 nm. This type of reconstruction persists up to coverages of 2 ML in the temperature range from RT to 600
• C. The authors suggested that the reconstruction is based on the incorporation of Co atoms at interstitial lattice sites which is related to the solute solubility of Co atoms in Si. Because of the small solid solubility of 3.7×10 7 Co cm −3 at 500 • C [34] the surface supersaturates instantaneously at typical MBE deposition rates and, as a consequence, the reconstruction appears accompanied by surface strain. At very low Co coverages first twodimensionally (2D) elongated CoSi 2 islands form aligned perpendicular to the direction of the substrate dimer rows, which changes from terrace to terrace from [011] to [011] .
Three-dimensional (3D) islands nucleate at 500
• C at coverages >0.2 ML. First, they coexist with the 2D islands, which disappear with higher coverages. Interestingly, the 3D islands do not evolve from the 2D ones; rather they nucleate with a square base and become elongated with increasing height. Such geometrical shape changes allow minimization of the strain energy in lattice-mismatched heteroepitaxy [42] . Figure 9 shows a view of the surface after deposition of 1.5 ML Co at a substrate temperature of 500
• C. In order to improve the contrast of the surface structures of the STM image an illuminated view with the shadow effect was used. The elongation of the islands was statistically distributed parallel either to [011] or to [011] . Surprisingly, the authors observed the formation of several ML-deep holes in the substrate close to the 3D islands, indicating that transport of silicon to the islands to form the silicide had occurred. Three-dimensional island growth was also observed in situ by RHEED during the allotaxy process [38] . During further silicon-rich co-deposition the islands grow in number and size. Their shape becomes more bar-like, accompanied by an increasing roughness of the surface. Figure 10(a) shows an example for a 4 nm thick silicon-rich film co-deposited with rates of 1 ML min −1 for silicon and 0.3 ML min −1 for Co at a substrate temperature of 500
• C [41] . The CoSi 2 precipitates have grown to ≈100 nm long rods with two different orientations. Such large precipitates cause a large surface roughness during growth and, in particular, hinder the formation of thin uniform layers by annealing. In order to obtain smaller precipitates, the substrate temperature must be lowered. We will see that the optimum substrate temperature for precipitate layer growth for MBA lies in the range 400-470
• C when a deposition rate of ≈1 ML s −1 is used. A higher evaporation rate would also produce smaller precipitates due to an enhancement of the nucleation rate.
The control of precipitate growth by surfactants
As pointed out above, the growth rate of precipitates during deposition decreases with decreasing substrate temperature. However, the density of growth-induced defects increases with decreasing temperature. An alternative is the use of a surfactant which slows down the surface diffusion and thus the growth of the precipitates. A first example demonstrating this effect was given in [43] . Before codepositing Co and Si a monolayer of arsenic was deposited onto the substrate held at 500
• C. The result after a silicide layer had been grown under the same conditions as those for the sample of figure 10(a) except that As served as a surfactant is shown in figure 10(b) . The change in the microstructure is striking. The presence of As led to an increase in nucleation density by a factor of 30. As a consequence, the surface roughness decreased enormously. Co and 75% Si) than that in figure 9 . The upper image (a) shows the formation of large bar-like three-dimensional precipitates producing a rough surface. The use of As as a surfactant reduced drastically the island size and thus the roughness (b) (after [43] ).
This experiment shows clearly that the use of an appropriate surfactant is a useful way to produce small precipitates at high substrate temperatures. Unfortunately, use of arsenic in Si MBE is problematic because of its high vapour pressure and the incorporation of As as a dopant. Other surfactants, such as antimony, may be more appropriate. As yet, the use of surfactants in the MBA process has not been investigated.
CoSi 2 particles embedded in single-crystalline silicon
The surface growth studies enlightened us with regard to the nucleation and growth of the silicide islands. We will see that differently oriented precipitates are also found in MBA-grown samples. To reveal the structure of the precipitates with XTEM we have produced samples with Co concentrations around 10 at% and annealed them. At such lower concentrations, imaging of the precipitates is easier since superimposition of the precipitates in the TEM images of the thinned samples is reduced. Figure 11 shows a 110 TEM micrograph of a 300 nm broad, homogeneous distribution of elongated precipitates in Si(100). The sample was grown at 425
• C with an average Co content of 10 at% and annealed at 800
• C for 20 s. The platelike CoSi 2 particles are aligned relative to the equivalent {111} planes. Electron-beam diffraction verified that these precipitates represent a twinned type of orientation [38] . Therefore, we name them B-type precipitates. After hightemperature annealing, however, the B-type precipitates S Mantl Figure 11 . 110 XTEM micrograph of a 300 nm broad distribution of B-type CoSi 2 precipitates in Si(100) after annealing at 800
• C for 20 s. The average Co concentration amounted to 10 at% within the precipitate layer. vanished and large three-dimensional octahedra developed, as shown in figure 12 . The sample was grown similarly to the one of figure 11 with an average Co concentration of ≈8 at% and annealed at 1200
• C for 20 s. The interfaces are formed by eight {111} faces. Electron diffraction proved their A-type alignment with the Si(100) substrate. Similar precipitate structures were found after ion beam synthesis of CoSi 2 by Bulle-Lieuwma et al [44] . High-resolution TEM indicated that the B-type precipitates are rotated 180
• in one of the four equivalent {111} planes of the Si lattice (a twinned orientation) and that the interfaces along the {111} interfaces are semicoherent with respect to the silicon matrix.
Our experimental observations showed that, at substrate temperatures T ≈ 420
• C and Co concentrations ≈10 at% Co, predominantly B-type precipitates grew. At higher Co concentrations the fraction of A-type precipitates increased. Annealing at high temperatures dissolved the B-type precipitates and promoted the growth of rhombohedral A-type inclusions. This is an important effect, which allows the formation of perfect 'A-type' epitaxial layers by MBA.
The self-ordering of precipitates
In order to demonstrate the self-ordering tendency described in section 3, we have grown a Si(100) sample with a buried CoSi 2 precipitate distribution with a nearly rectangular Co concentration depth profile with a concentration of 21 at% and a depth of 300 nm, as shown in the RBS spectrum of figure 13. Self-ordering was observed after annealing at 1200
• C for 40 s. The rectangular Co profile was converted into a distribution with two pronounced maxima. The RBS spectrum also shows that the precipitate layer narrowed, indicating that the precipitates at the edge of the distribution dissolved and Co diffused towards the centre, giving rise to preferential growth of precipitates in the next inner shell (see also figure 8 ). With regard to the explanation of the self-ordering effect given in section 3, the observed phenomenon may be interpreted as a snapshot of a later state of self-ordering since only one minimum of the volume fraction appeared at the centre of the precipitate profile rather than the two expected for the earlier state displayed in figure 8.
Parameters controlling the MBA process
In this section we discuss the various parameters influencing the MBA growth process. These are the substrate temperature, the deposition rates, the shape of the concentration-depth profile, the maximum peak concentration and the annealing temperature.
Before we discuss the impact of the individual parameters we summarize the principal requirements and the associated problems in order to provide a background for the optimization of the process. Layer formation by MBA requires a high concentration of precipitates embedded within the matrix since the desired layer evolves from the precipitates.
Depending on their crystallographic structure and their possible alignment with the matrix, the precipitates hinder more or less greatly the single-crystalline growth of the silicon matrix during co-deposition. In order to minimize the generation of crystal defects the volume fraction of the precipitated phase should be kept small. On the other hand, the formation of a uniform layer requires a minimum peak concentration, since coalescence of precipitates becomes more likely at high volume fractions. On the basis of scaling arguments it has been shown that continuous layer formation involving Ostwald ripening and precipitate coalescence becomes likely if the peak concentration of the metal exceeds half the value of the stoichiometric concentration of the silicide compound [33] . We found that a peak concentration of >20 at% Co is required. In summary, we see that the conditions for epitaxial growth and layer formation lead to contradicting requirements, inferring the need for parameter optimization.
The substrate temperature
The substrate temperature controls the surface diffusion of the deposited atoms. The higher the temperature the faster the diffusion of the adatoms during growth and thus the larger the precipitates will grow. Increasing the substrate Figure 13 . RBS spectra of a buried 300 nm broad distribution of CoSi 2 precipitates before and after annealing at 1200
• C for 40 s. The Co concentration of the as-grown sample was 21 at%. Self-ordering was revealed by the formation of two distinct concentration maxima in the RBS spectrum of the Co signal after annealing.
temperature also improves epitaxial growth, at least as long as layer-by-layer growth of the matrix is maintained. However, since the dimensions of the precipitates should be kept small-this is a requirement for uniform layer growth during annealing-the substrate temperature should be reasonably low. These conflicting conditions require careful adjustment of the substrate temperature as a function of the silicide thickness. In the following we propose a temperature window for the growth of the precipitate layer, whereby the lower temperatures apply for thin layers and the higher ones for thicker layers. This correlation is apparent because thicker layers (≈100 nm) can be formed by coalescence of larger precipitates.
For the growth of the silicon overlayer, a high substrate temperature (≈650
• C) is advantageous, because at higher temperatures the surface tends to become smoother than it does at lower temperatures. This is essential because of the three-dimensional growth of the silicide precipitates. We will show that excellent surface planarity is achievable. It is interesting to note that, during the growth of the silicon cap layer at temperatures ≥600
• C, the silicide precipitates grow and coalesce considerably. As a consequence, the peak concentration increases already in the growth chamber, for example from 23 to nearly 33 at% [38] . In summary, we recommend the following substrate temperatures, which led to best results for medium evaporation rates (see below) and silicide layer thicknesses in the range 30-120 nm on Si(100):
(i) for the silicon buffer layer 500-600
• C, (ii) for the precipitate layer 400-470
• C and (iii) for the silicon overlayer 600-700
• C.
Evaporation rates
The variation of the evaporation rates in MBE is quite limited without accepting very long growth times. We varied the deposition rates in the range 0.03-0.3 nm s −1 . Best results were obtained with silicon deposition rates of 0.1-0.2 nm s −1 . In principle, increasing the metal deposition rate increases the nucleation rate and thus reduces the dimensions of the silicide islands. Increasing the evaporation rate counteract the effect of a higher substrate temperature to some extent.
The depth profile and its peak concentration
A trapezoidal or triangular concentration-depth profile, as illustrated in figure 2, helps one to obtain a planar continuous layer via Ostwald ripening and precipitate coalescence.
However, it is worth mentioning that layer formation may be observed even with a rectangular precipitate depth profile, if the peak concentration is supercritical and the precipitates are smaller than the thickness of the wanted silicide layer. The interface, however, may become rough and the defect density high. The exact slope and the detailed contour of the ramp of the deposition rate is of minor importance. Increasing the rate in small steps works as well as does a strictly linear rise. Only large abrupt changes should be avoided since the defect density would increase. Gradual changes ensure the growth of small precipitates at the beginning and at the end of the distribution, an effect which assists one in forming a highly uniform planar layer by annealing.
A quantity of essential importance is the peak concentration. As has already been mentioned, a minimum peak concentration is required to form a hole-free layer.
In systematic studies we found that, for CoSi 2 layers with final thicknesses larger than 40 nm, the minimum peak Co concentration is ≈21 at%. The thinner the layers the larger the peak concentration that should be chosen. For thin surface layers (≈20 nm) the peak Co concentration may be ramped up to the stoichiometric composition of 33 at% at the end of the growth process.
Post-annealing
The formation of a continuous layer is accomplished by annealing the as-grown samples at a high temperature. This step is comparable to the heat treatment used for ion beam synthesis of silicides [7] . That the temperatures needed are fairly high is evident from figure 6. Both furnace annealing and rapid thermal annealing (RTA) can be employed. We found that RTA at high temperatures-for CoSi 2 /Si(100) temperatures in the range 1100-1200
• C for 10-30 sproduces the smoothest interfaces (see below) and the best degree of single crystallinity. For comparison, an implanted SiO 2 layer in Si is annealed at ≈1300
• C for typically 8 h (SIMOX) to obtain a uniform buried oxide layer and single-crystalline silicon with a low dislocation density [5] . The optimum annealing conditions are close to the limit of thermal disintegration of the layer. Since the thermal stability of a layer increases with its thickness, the optimum annealing parameters depend also on the thickness. A silicon dioxide protection layer may be deposited prior to annealing to avoid thermally induced degradation of the surface during annealing.
The growth and properties of Si/CoSi 2 /Si(100) heterostructures
Material properties of CoSi 2
CoSi 2 crystallizes in the cubic CaF 2 structure with a lattice mismatch f = (a CoSi2 − a Si )/a Si of −1.2% at RT. Figure 14 shows the close resemblance of the silicon and the CoSi 2 lattice structures. The face-centred unit cell consists of four Co atoms and eight Si atoms. The fourfold coordination of the silicon atoms in the diamond structure is retained in the silicide lattice. The Co atoms have eight nearest neighbours. The thermal expansion coefficient of CoSi 2 (9.5 × 10 −6 K −1 ) is significantly larger than that of silicon (2.6 × 10 −6 K −1 ) [46, 47] . This reduces the lattice mismatch with increasing temperature. At 1000
• C the lattice mismatch shrinks to ≈0.6%. CoSi 2 melts congruently at 1326
• C. Its density amounts 4.95 g cm Figure 15 shows the RBS/channelling spectra of two buried silicide layers in Si(100) before and after RTA at 1200
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• C for 20 s. The silicon cap layer was grown in the first case at 430
• C and in the second at 600
• C. The substrate temperature was kept at 430
• C in order to deposit the precipitate layer. The peak Co concentration was 23 at% and each ramp of the trapezoidal concentration profile contained 35% of the total amount of Co. The rate of evaporation of silicon was 0.1 nm s −1 . A comparison of the two random spectra before annealing reveals that the peak concentration for the sample constantly kept at 430
• C amounted to 23 at%, whereas that of the second increased significantly due to the overgrowth of silicon at 600
• C. This is a clear indication that redistribution of Co occurs during growth at 600
• C. RTA at 1200
• C for 20 s formed in both cases a buried silicide layer with sharp interfaces. The thickness of the silicide layer was 69 nm and that of the silicon cap 150 nm. The ion channelling spectrum, measured along the [100] normal direction, exhibited a significantly lower minimum yield for the silicon cap layer (χ min = 4%) grown at the higher temperature.
The microstructure of the as-grown and annealed sample of figure 15(b) is displayed in the XTEM micrographs of figure 16 . The upper image shows a nearly continuous arrangement of large precipitates with predominantly rhombohedral shapes in the centre of the profile. As pointed out above, precipitate coarsening occurred during the growth of the silicon surface layer. The cross sectional view verifies the excellent uniformity of the layer after the 1200
• C anneal, with remarkably flat interfaces. Also the silicon surface appears flat. Threading dislocations are visible in the silicon surface layer, arising mainly from the lattice mismatch. No dislocations were found in the silicon below the silicide layer. The dark contrasts are due to lattice strain originating from the lattice mismatch. X-ray-diffraction studies revealed that the silicide layers were partially strain relaxed, depending on the thickness. The degree of relaxation amounted to 25% for 25 nm thick layers and increased approximately linearly with the layer thickness to 60% for a 225 nm thick layer. The strain relaxation caused a high density of dislocations. Complete strain relaxation would lead to an average dislocation distance of 15 nm, assuming 100% relaxation by dislocations with an effective Burgers vector of (a CoSi2 /4) 111 [48] . Detailed plane-view TEM and x-ray diffraction investigations of the sample of figure 16(b) provided dislocation densities of 1.5 × 10 9 cm −2 and a degree of relaxation of 34% [38] .
The interface roughness of buried 70 nm thick CoSi 2 layers in Si(100) which were RTA annealed at 1200
• C for Figure 15 . A comparison of RBS and channelling spectra of two CoSi 2 samples grown and annealed under the same conditions, except that the silicon overlayer of sample A was grown at 430
• C and that of sample B at 600 • C. The higher peak concentration of sample B indicates that diffusion and redistribution of Co occurred even at 600
• C. After annealing at 1200
• C for 20 s, sample B exhibited a much lower minimum channelling yield of the silicon overlayer than did sample A. 20 s was measured by grazing incidence x-ray diffraction, which provided a very small value of 1.8 nm for the mean roughnesses of both silicide/silicon interfaces. The mean surface roughness was determined to be less than 1 nm [38, 49] .
So far no detailed investigation of the atomic structure of the CoSi 2 /Si(100) interface of the MBA samples was performed. Preliminary TEM investigations showed that the interface structures are very similar to the ones obtained for IBS samples, for which high-resolution TEM studies revealed the atomic abruptness of the interfaces with Co atoms at the interface with predominantly sixfold or eightfold coordination, varying from terrace to terrace [50] . By using Z-contrast imaging, additionally, a 2 × 1 reconstruction at the CoSi 2 /Si(100) interface was observed [51] .
The single-crystalline CoSi 2 layers were characterized by a small specific electrical resistivity of 13 µ cm at RT and close to 1 µ cm at 4.2 K [52] . The temperature dependence of the resistivity followed the Bloch-Grüneisen relation, as expected for metals. The Schottky barrier height of MBA-grown CoSi 2 on n-Si was measured to be 0.64 eV [52] . • C for 20 s. The planarity of the silicide/silicon interfaces and the surface is remarkable. Some dislocations are visible in the silicon cap layer. The dark contrasts at the lower interface indicate lattice strain.
A new method for silicide patterning
For applications it is important that silicides withstand oxidation. During oxidation of most silicides SiO 2 grows on top of the silicide layer, which moves deeper into the substrate without loosing its integrity. At the upper interface the silicide dissociates in the presence of the oxidant. The dissociated silicon forms SiO 2 and-in the case of CoSi 2 -the metal diffuses through the silicide layer to form silicide at the lower interface. In some other silicides silicon diffuses from the substrate through the silicide to form SiO 2 at the upper interface. For a review of the oxidation behaviour of silicides we refer the reader to [53] . Surprisingly, we found for MBA-grown CoSi 2 layers that oxidation produces a mirror-like silicon dioxide/silicide interface, as shown in the XTEM image of figure 17(a) . A 45 nm thick CoSi 2 layer was oxidized in steam at 1000
• C for 33 min. Whereas a 350 nm layer of SiO 2 formed, the silicide moved 140 nm into the substrate. It is remarkable that the silicide remained single crystalline during oxidation. This was verified by the high-resolution TEM cross section of figure 17 maintained throughout the whole silicide film. Neither twins nor misoriented grains were observed [54] .
We have recently shown that local oxidation of silicides (LOCOSI) can be used to obtain deep submicrometrepatterned structures with standard optical lithography [55] . The principle is sketched in figure 18 .
A roughly 10 nm SiO 2 layer and a roughly 300 nm thick Si 3 N 4 layer are deposited onto the silicide. The nitride is then patterned photolithographically which serves as a barrier to the diffusion of oxygen (or water) during the following oxidation. This allows local oxidation of the silicide, similar to the well established technology of local oxidation of silicon (LOCOS) that is used to grow the field oxides of MOSFETs [56] . During the following oxidation, silicon dioxide grows on top of the silicide, shifting the silicide deeper into the substrate in the unprotected regions. This generates transition regions where the silicide layer becomes thinner primarily due to the formation of {111} facets ( figure 18(b) ). Further oxidation leads to the separation of the silicide layer below the edges of the nitride mask, leading to silicide patterning conformal with the oxidation mask ( figure 18(c) ). The vertical distance between the separated layers is much smaller than the linewidth of the optical lithography used. Figure 19 shows a XTEM sequence of the described process. A 40 nm thick epitaxial CoSi 2 layer on Si(100) was oxidized in water vapour at 1000
• C for 3, 11, 19 and 34 min. The width of the nitride mask was approximately 1 µm. The upper cross section shows the deformation of the silicide layer due to the growth of SiO 2 after 3 min oxidation. The silicon dioxide developed a characteristic shape under the nitride edge, which is named the 'bird's beak' in the silicon LOCOS technology [56] . After 11 min oxidation the silicide layer thinned exactly below the edge of the nitride mask. After 19 min the silicide layer disintegrated. The vertical distance between the separated silicide layers amounted to about 200 nm. During continued oxidation the bird's beak grew further, leading to a narrowing of the upper silicide line from about 1 µm to 0.7 µm. These silicide structures exhibit current-voltage characteristics typical for metal-semiconductor-metal (MSM) contacts consisting of two reversely biased Schottky contacts [57] . By using thinner (≈30 nm) silicide layers, minimum distances between the separated silicide lines of 100 nm have been realized in the meanwhile. Further decreasing the thickness of the silicide layer may lead to even smaller gaps.
Are there silicon lattice-matched ternary Co 1−y X y Si 2 silicides?
The crystal quality of Si/CoSi 2 /Si heterostructures suffers mainly from the lattice mismatch (−1.2%) between the silicide and silicon, as discussed in section 6.2. Also, a difference in thermal expansion coefficients of the two materials may cause a problem. Strain relaxation generates a high density of dislocations. None of the binary silicides listed in figure 1 is perfectly lattice matched with silicon. Even for NiSi 2 with a closer lattice match (0.4%) to silicon, the problem remains the same in principle. The development of ternary silicides may be the key to perfect silicon/silicide/silicon heterostructures. In the following we show that MBA may be used also for the growth of ternary systems and that CoSi 2 containing a small concentration of Pd has a slightly closer match to silicon than does pure CoSi 2 [58] .
We have chosen Pd as a third element for several reasons.
(i) Both Pd and Co belong to the VIIIth group in the periodic system and Pd has a larger covalent radius than Co, suggesting that its incorporation would lead to an increase in the lattice parameter of a ternary silicide.
(ii) Pd and Co form a totally miscible binary solid solution.
(iii) Pd silicides are compatible with silicon technology.
Instead of using three individual electron-beam evaporators for Co, Pd and Si, we made use of a Co-Pd alloy. Owing to the different vapour pressures of Co and Pd, however, the composition of the metal component in the film differed from that of the alloy, as can be estimated on the basis of thermodynamics [59] . Evaporating Co-Pd alloys The vertical distances between the silicide layers may be less than 100 nm. containing 1.5 and 0.8 at% Pd produced Co 1−y Pd y Si 2 layers with y = 1.3 and 0.7 at%, respectively. We used the growth and annealing parameters given in section 5. Precipitate coarsening and coalescence functions for the ternary alloy analogously to how it does for the binary system, resulting in uniform planar layers. The nature of its optical transition, direct or indirect, however, is still being debated. Contradictory items of experimental evidence for direct and indirect transitions have been reported [24, [60] [61] [62] . The greatest success so far is the first evidence for electroluminescence of buried β-FeSi 2 precipitates in a p-n junction at low temperatures published by Leong et al [24] . The precipitates were made by ion beam synthesis. The p-n junction emitted light with a wavelength of 1.5 µm at 77 K, exactly the wavelength used for optical fibres. The non-optimized device has an estimated external quantum efficiency of ≈0.1%.
The epitaxial growth of β-FeSi 2 is difficult because of its orthorhombic structure with a fairly large lattice mismatch of 2.1% on Si(111). Furthermore, at temperatures above 940
• C the semiconducting phase transforms to a metallic phase with a tetragonal structure. FeSi 2 layers have been made by various techniques such as MBE [20, 63] , vapour phase epitaxy [64, 65] and ion beam synthesis [60] . an understoichiometric ratio of 1:3 at substrate temperatures in the range 640-720
• C various kinds of islands nucleate [66] . A more detailed analysis revealed that the facetted precipitates were of the α-phase, whereas the nearly round shaped islands were of the β-phase. The density of the β-phase particles was quite low, but their fraction increased with increasing temperature. A comparison of figure 20(a) and (b) shows that the island sizes increased with increasing substrate temperature in the range 640-720
• C due to the fast diffusion of Fe in Si.
Continued co-deposition of Fe and Si with a trapezoidal-shaped Fe depth profile led to the growth of FeSi 2 columns developed at a substrate temperature of 650
• C [67] . The columnar growth may have been related to the extremely fast diffusion of Fe in Si (see figure 4) . We have annealed such columnar samples at 1150
• C for 10 s to obtain α-phase layers. A second anneal at 800
• C for 5 h transformed the α-phase into the desired semiconducting β-phase. An example is shown in the XTEM image of figure 21 . The silicon overlayer exhibited a defective structure. Both twins and some residual silicide precipitates were observed. Its minimum channelling yield amounted to ≈23%, confirming that distorted epitaxial growth had occurred. The β-FeSi 2 layer, however, was continuous and fairly uniform [67] . 
Ru 2 Si 3 , a new direct semiconductor?
Most recent ab initio band structure calculations show that Ru 2 Si 3 is a semiconductor with a direct band gap of 0.45 eV [68] . The band gap may be significantly underestimated due to a deficiency of the density-functional theory in the local-density approximation. So far, experimental values have been deduced only from high-temperature resistivity measurements providing values of 0.7 [69] and 1.08 eV [70] . Yamamoto and Ohta quoted a value of 0.9 eV without giving experimental details [71] . The quoted electrical measurements do not allow one to draw any conclusion on the nature of the band gap.
Although single crystals of Ru 2 Si 3 have been made [70, 73] , to the best of my knowledge growth of singlecrystalline layers of Ru 2 Si 3 on silicon has not yet been achieved. Ru 2 Si 3 crystallizes in an orthorhombic phase (a = 1.1057 nm, b = 0.8934 nm and c = 0.5533 nm) [72] . Above ≈1000
• C a tetragonal Ru 2 Sn 3 -type phase forms [72] . Chang and Chu determined the epitaxial relationships of 2-8 µm large Ru 2 Si 3 grains on Si(111) grown by chemical electroless plating [74] . Preliminary attempts to grow epitaxial Ru 2 Si 3 on Si by MBA look promising. The system seems to be suited to the two-step MBA process. Ru diffuses rapidly in silicon and planar layer formation was obtained. The buried silicide layers exhibited ion channelling, indicating that epitaxial growth had occurred [75] .
10. An ultimate test: the growth of Si/SiO x /Si(100) structures Instead of using ion beam synthesis or wafer bonding to fabricate SOI substrates, it would be desirable to realize such structures directly by deposition. In the following we describe the growth of a buried SiO x layer in epitaxial silicon by MBA. Whereas silicides form crystalline precipitates in the silicon matrix, SiO x is amorphous. This should not rule out the possibility of epitaxial growth of a heterostructure by MBA because the epitaxial order is propagated from the substrate through the spacings between the precipitates to the surface. However, the key question is that of the growth mode of SiO x : does oxidation during deposition of silicon occur locally via the growth of precipitates or rather uniformly over the whole surface?
We investigated the incorporation of oxygen during deposition of Si under various oxygen partial pressures and deposition rates and for substrate temperatures in the range 650-800
• C [76] . Depending on the O 2 pressure and the temperature, the presence of oxygen may lead to etching of silicon via the formation of SiO or to oxidation resulting in formation of SiO 2 . For the investigated O 2 -pressure range of 4 × 10 −6 to 7 × 10 −5 mbar the oxygen content in the silicon dropped rapidly above 725
• C, indicating that the transition from oxidation to etching had occurred. The best results-highest oxygen content and best crystallinity of the silicon epilayer-were obtained in a narrow process window close to the etching-oxidation transition point. The experiments showed that SiO x layers with x ≈ 0.20 can be overgrown epitaxially with silicon using MBA.
Channelling experiments and TEM investigations revealed, however, a tendency for the formation of twins in the silicon epilayer. The as-grown buried SiO x layers are electrically semi-insulating. During high-temperature anneals at 1325
• C for 6 h the degree of single crystallinity of the epilayer improved gradually but large voids appeared. The SiO x layer turned into an inhomogeneous layer of SiO 2 . Nevertheless, it is remarkable that SiO x layers with concentrations up to 22 at% oxygen could be capped with epitaxial silicon with channelling minimum yields of 6%. Larger oxygen concentrations hindered epitaxial overgrowth. Unfortunately, the ≈22 at% limit is much too low for the formation of a continuous SiO 2 layer. The problem may be related to the mode of oxidation, which can be described rather in terms of layer-by-layer growth than in terms of local growth of isolated SiO x islands [77] . The experimental details were given in [76] .
Applications of epitaxial silicide layers
In the following various applications of epitaxial silicides are briefly reviewed. The examples are not restricted to MBA-grown samples only. Since a more detailed discussion would be beyond the scope of this review, we refer the reader to the given references.
Use of epitaxial silicides as substrates
A unique example for the usefulness of epitaxial silicon on metal (SOM) substrates is their use for surface chemistry investigations by infrared (IR) spectroscopy as first demonstrated by Erley et al [78] and further developed by Chabal and his group [79] . Conventional IR spectroscopy has contributed to the understanding of hydrogen-terminated silicon surfaces, which is an important issue in cleaning and passivation of silicon. Phonon absorption in the silicon wafer, however, is limited to frequencies above 1500 cm −1 . A buried, mirror-like metal layer, such as CoSi 2 in Si, makes surface-sensitive external reflection spectroscopy feasible over a wide frequency range (100-4000 cm −1 ). It is essential that the silicon surface has a high single-crystalline quality in order for one to perform these surface chemistry experiments [79] . Epitaxial CoSi 2 layers on silicon have been used as buffer layers for the epitaxial growth of thin films of GaAs [80] 
Microelectronic devices
In a recent article Tucker et al proposed the use of nanopatterned epitaxial silicides for future nanoelectronics [11] . The authors see a great potential in the singlecrystalline properties of the silicides and the possibility of stacking epitaxial silicon on metals. Buried interconnects and groundplanes could be realized and nanopatterned silicide materials could be essential building blocks for new devices.
Ultra-fast Schottky-barrier FETs with short gate lengths and resonant tunnel devices on the base of epitaxial silicides should be realizable. We believe that nanopatterning of metal layers will attract increasing attention. One of the most challenging goals is the fabrication of single-electron transistors with room temperature performance. Most probably devices of this kind will be made with metals.
In the past, thin buried silicide layers have been used to fabricate metal base transistors (MBT) [83, 84] . However, the requirement that the buried metallic layer must be ultra-thin and free from pinholes in order to allow ballistic carrier transmission through the buried gate is an intriguing challenge. So far, no MBT with sufficiently large transmission of the ballistic electrons has been realized.
More promising devices are permeable base transistors (PBT) with vertical current flow. In principle, a PBT functions like a vertical MESFET with a buried Schottky gate to control the source-drain current [84] . Both MBE and IBS have been employed successfully to realize PBTs [85, 86] . Transit frequencies in the lower gigahertz range have been achieved [86] . Vertical PBTs can be used to switch large current densities.
The use of CoSi 2 as a buried collector contact for bipolar transistors has also been tested [87] . Very promising devices have been made with CoSi 2 /CaF 2 heterostructures. Both a negative differential resistance with triple-barrier resonant tunnelling diodes [88] and hot electron transistors have been demonstrated [89] .
Optoelectronic devices
Buried CoSi 2 layers have been integrated successfully into stacked multijunction silicon photovoltaic energy converters [90] . A 20 µm thick silicon waveguide with CoSi 2 cladding has been made, providing a fairly small propagation loss at the wavelength of 1.3 µm of less than 2.5 dB cm −1 [91] . Photodiodes with epitaxial CoSi 2 particles embedded within single crystalline silicon exhibited a tailorable photoresponse in the 1-2 µm range. Photons absorbed by excitation of the surface plasmons of the floating metal silicide particle contribute to the photoresponse. Quantum efficiencies of ≈0.2% were measured at 77 K, with dark currents of less than 2 nA cm −2 at a reverse bias of 1 V and detectivities of (4-8) × 10 9 cm Hz 1/2 W −1 were reported [92] . Tunable infrared detectors with epitaxial Si/CoSi 2 heterostructures on Si(111) indicated that the tunability of the cut-off energy lay in the range 0.3-0.5 eV [93] .
A promising optoelectronic device is an ultra-fast photodetector with an integrated microstripline [94, 95] . The metal/semiconductor/metal (MSM) photodetector is arranged vertically. The buried silicide layer serves as the bottom Schottky contact of the photodetector and as a groundplane for the microstripline. A 300 nm silicon layer on top of the silicide acts as a photosensitive layer. A polycrystalline metal layer is used as the top contact. Whereas our first detectors provided an ultra-fast signal response only at low temperatures [94] , our latest detectors have a photoelectric response with a full width at half maximum (FWHM) of less than 3.5 ps at room temperature.
A first electroluminescence device, a silicon p-n junction with embedded β-FeSi 2 precipitates, which emits light with a wavelength of 1.5 µm, has been demonstrated [24] . The device was made using ion beam synthesis [24] . With the knowledge of MBA it seems an attractive challenge to realize a further optimized device using molecular beam deposition.
Summary and perspectives
We have reviewed the growth of epitaxial silicide heterostructures using molecular beam epitaxy. We used CoSi 2 on Si(100) as a model system and showed that both buried and surface layers with highly single-crystalline quality can be grown by MBA. The CoSi 2 layers have excellent structural and electrical properties. Silicide layers with thicknesses in the range 20-250 nm have been made. The CoSi 2 layers are highly resistant to oxidation, which allows nanopatterning by local oxidation.
MBA has been used so far nearly exclusively for silicides. However, we believe that the method can be used for the growth of other materials as well. In principle, materials which allow Ostwald ripening may be candidates. A first criterion is the product of the diffusivity and the solubility of the solute in the matrix, which is a measure of the layer growth rate during annealing. Its value should be in the range 10 8 -10 13 cm −1 s −1 . The diffusivity of the solute in the matrix should be large and its solid solubility small in order to avoid doping of the matrix.
We have shown that the layer formation during annealing, based on inhomogeneous Ostwald ripening and precipitate coalescence, works not only for binary but also for ternary systems. Ternary silicides could serve as ideally silicon-lattice-matched compounds. We found that Co 1−x Pd x -Si 2 compounds exhibited a slightly closer lattice match relative to silicon than did pure CoSi 2 .
We see great potential in the synthesis of the semiconducting silicides, β-FeSi 2 and Ru 2 Si 3 .
Both continuous layers and silicide precipitates embedded in a single-crystalline matrix are useful for applications, in particular for light-emitting devices and photodetectors.
We placed emphasis on the growth of precipitates in single-crystal silicon because of the interesting phenomenon of self-ordering and their use in optoelectronic devices. Recent STM investigations revealed details of the growth of the CoSi 2 islands and demonstrated the potential of the use of a surfactant to tailor the size of precipitates.
In the near future nanopatterning of silicides for devices of the next generation will play an important role. Nanopatterning methods are highly desired. In this regard, local oxidation of silicides may be a promising method by which to produce nanostructures in a simple and affordable way.
